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I.  INTRODUCTION 


There  is  a  large  and  growing  activity  in  the  development  of  advanced 
fiber-reinforced  ceramics  and  glasses  for  use  in  a  variety  of  structural 
applications.  The  properties  of  these  composites  are  Influenced  by  the  inter¬ 
actions  between  the  filament  and  matrix  materials.  A  strong  fiber-matrix  bond 
can  result  in  a  strong  but  still  brittle  composite,  while  a  weak  bond  can 
result  in  a  material  with  poor  properties.  To  optimize  the  properties  and  to 
be  able  to  make  design  trade-offs  (e.g.  strength  vs.  toughness),  a  more 
complete  understanding  of  the  Interactions  between  the  matrix  and  fibers  Is 
required.  This  report  discusses  the  first  results  of  our  investigation  into 
fiber-matrix  interactions  in  a  ceramic  matrix  system. 

The  purpose  of  this  investigation  is  to  examine  the  fiber-matrix  inter¬ 
actions  in  a  carbon-fiber/cement  matrix  system  triiere  an  oxide  coating  of  SK^, 
A^Oj-SiC^  (3:2),  or  ZrC^  has  been  deliberately  introduced  at  the 
interface.  The  carbon-fiber/ cement  matrix  system  was  chosen  for  several 
reasons,  the  most  Important  being  its  potential  for  development  of  a  material 
having  a  zero  or  near-zero  coefficient  of  thermal  expansion.  This  Is  made 
possible  by  the  combination  of  the  negative  axial  thermal  expansion  of  the 
carbon  fiber  and  the  low  modulus  of  the  cement.  Also,  this  system  requires  no 
elevated-temperature  processing,  since  the  cements  chosen  cure  at  room  temper¬ 
ature.  Finally,  the  cements  can  be  readily  modified  by  the  addition  of  organo- 
metallics  and/or  particulates.  The  coatings  were  chosen  to  provide  differing 
degrees  of  chemical  compatibility  with  the  matrix  cements. 

There  are  a  variety  of  techniques  available  for  coating  carbon  fibers, 
including  chemical  or  physical  vapor  deposition,  but  one  technique  that  has 
shown  to  be  effective  in  metal-matrix  composites  Involves  coating  the  fiber 
with  an  oxide  material  1000  to  2000  A  thick*  by  using  organometalllc 
precursors.  The  coating  adheres  to  the  fiber  and  provides  a  surface  that  the 
molten  metal  will  wet  during  further  processing.  The  exact  coating  used 
depends  on  the  matrix  metal  desired.  The  organometalllc  is  applied  in  an 
ultrasonic  bath  and  hydrolyzed  to  form  the  oxide.  It  is  then  heat  treated  to 


drive  off  the  organic  components  and  consolidate  the  oxide.  A  schematic  of 
the  coating  process  is  shown  in  Fig.  1.  Coatings  of  carbides  or  nitrides  can 
also  be  deposited  by  this  technique. 
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Fig.  1.  Schematic  of  Fiber  Coating  Process  and  Typical  Reaction  for  SiO- 
Coating  1 


II.  EXPERIMENTAL  PROCEDURE 


Several  15-ra  lengths  of  carbon  fiber  tows®  were  double  coated  with  Si02» 
AI2O3,  Si02“Al20>j,  and  Zr02*  The  organometallic  precursors  were  tetra- 
ethylorthosilicate  (TEOS),  aluminum  isopropoxide,  and  zirconium  n-propoxide. 
The  precursors  were  applied  to  the  tows  in  an  ultrasonic  bath,  hydrolyzed  in  a 
steam  bath,  and  heat  treated  to  575°C  under  argon.  Lengths  of  coated  and 
uncoated  tows  were  cut  into  ~15-cm  segments  and  infiltrated  with  an  epoxy 
resin  or  one  of  two  porcelain  cements'5  in  an  ultrasonic  bath.  The  major 
constituent  of  the  cements  was  either  zircon  or  silica.  All  of  the  matrices 
were  cured  at  room  temperature. 

The  tensile  strengths  of  the  various  infiltrated  tows  were  measured  by 
attaching  metal  tabs  to  the  ends  of  the  tows,  mounting  the  tabs  in  a  tensile 
tester,  and  pulling  the  tows  at  a  crosshead  speed  of  0.0042  cm/s  until 
complete  failure  was  obtained.  The  fracture  surfaces  were  examined  in  a 
scanning  electron  microscope  (SEM)  to  determine  the  failure  modes  and  origins. 


®T300-1K,  Union  Carbide  Corp. 

^Sauereisen  29  and  31,  Sauereisen  Cement  Co. 
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III.  RESULTS  AND  DISCUSSION 


Fracture  strengths  were  calculated  from  the  breaking  loads  and  areas  were 
measured  at  the  fracture  origin  by  the  SEM.  Ihe  results  are  given  in  Table 
1.  It  is  evident  from  the  data  for  the  resin  matrix  materials  that  there  has 
been  no  degradation  of  fiber  properties  as  a  result  of  the  application  of  the 
coatings. 

Figures  2  through  7  show  the  tows  infiltrated  with  the  zircon  base  cement 
for  the  unsized,  sized,  SiC^-,  A^O^*,  SiC^-A^O^,  and  ZrC^-coated  materials, 
respectively.  From  the  chemical  compatibility  viewpoint,  it  would  be  expected 
that  the  SiC^-  and  ZrC^-coated  tows  would  show  the  greatest  degree  of  bonding 
with  cement,  while  the  remainder  would  be  less  well  bonded.  Examination  of 
the  figures  leads  to  several  observations.  The  first  is  that  the  fiber  with 
no  sizing  or  coating  (Fig.  2)  has  very  poor  infiltration  of  the  cement  into 
the  tow  compared  to  the  remaining  materials.  Second,  the  distribution  of  the 
fibers  in  the  cement  as  well  as  the  overall  diameter  of  the  infiltrated  tow 
vary  considerably  with  the  applied  coating.  The  best  distribution  and 
smallest  diameter  occur  in  the  sized  (Fig.  2),  SiC^  (Fig.  4),  and  ZrC^ 

(Fig.  7)  materials.  The  A^O^  (Fig.  5)  and  A^Og-SiC^  (Fig.  6)  materials 
showed  clumping  of  the  fibers  and  large  diameters.  A  unique  observation  about 
the  A^O^-coated  tows  can  be  seen  in  the  high-magnification  micrograph  of 
Fig.  5.  Although  each  fiber  is  surrounded  by  cement,  there  appears  to  be  no 
contact  of  the  fiber  and  the  matrix,  i.e.,  there  is  no  apparent  fiber-matrix 
bonding.  Such  a  condition  would  lead  to  fracture  and  instantaneous  release  of 
the  individual  fibers  during  tensile  testing,  resulting  in  very  poor 
strengths.  Such  a  result  is  seen  in  Table  1,  where  the  strength  of  the  A^O-j- 
coated  material  is  the  lowest  of  the  zircon  cement  materials. 

Table  2  compares  the  measured  tensile  strengths  of  the  T300/zircon  cement 
tows  with  the  values  expected  from  the  rule-of-mixtures.  The  volume  fraction 
of  fibers  was  measured  from  the  micrographs,  and  strains  were  estimated  from 
the  load-vs.-time  chart  acquired  during  the  tensile  tests.  For  all  of  the 
materials  except  the  A^O^-coated  tows,  the  rule-of-mixtures  appears  to 
provide  a  reasonable  prediction  of  the  tensile  strength.  The  rule-of-mixtures 
calculations  assume  complete  bonding  of  the  fiber  and  the  matrix. 


Table  1.  Tensile  Strength  (MPa)  of  Various  Composite  Tows 


Fiber 

Matrix 

Resin 

Zircon 

Porcelain 

Unsized 

— - 

172146 

_ 

Sized 

31301205 

232183 

3401118 

SiC^-Coated 

26801532 

111128 

4161136 

A^O^-Coated 

30601375 

16111 

124156 

SiC^-A^O^-Coated 

30901193 

45132 

218H11 

Zr02~Coated 

27801435 

87150 

110152 

Note:  Unreinforced  cement  is  ~2.8  MPa. 
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IV.  CONCLUSIONS 


Differences  in  mechanical  properties  in  the  carbon-fiber /cement  matrix 
system  which  result  from  the  presence  of  different  coatings  have  been  seen. 
The  differences  can  be  related  to  the  ability  to  infiltrate  the  carbon  tows 
and  to  the  degree  of  bonding  between  the  fibers  and  the  matrix.  For  the 
zircon  cement  system,  the  rule-of-mixtures  appears  to  provide  a  reasonable 
prediction  of  the  tensile  strengths  and  yields  an  indication  of  the  degree  of 
bonding  enhancement  due  to  the  coatings. 


REFERENCE 


S3 


H.  A.  Katzman,  "Carbon-Reinforced  Metal -Matrix  Composites,”  U.  S.  Patent 
#4,376,803  (15  March  1983). 


LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  "architect-engineer"  for 
national  security  projects,  specializing  In  advanced  military  space  systems. 
Providing  research  support,  the  corporation’s  Laboratory  Operations  conducts 
experimental  and  theoretical  Investigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  Is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  Is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  Individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 
control;  high  temperature  thermomechanics ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chemical  and  exclmer  laser  development  Including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out-of -f leld-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  Intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  alcrowave/mllllmeter  wave  measurements, 
diagnostics  and  radlometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  «nd  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  In  space  and  enemy-induced 
environments. 

Space  Sciences  Laboratory:  Magnetospherlc,  auroral  and  cosmic  ray 
physics,  wave-particle  Interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  Ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomy, 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
Instrumentation. 
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